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Abstract: The gamma rays detected by passive balloon-borne emulsion chambers in the stratosphere
allow indirect testing of the conclusions based on the analysis of the primaryparticle tracks. Here we
show that observed experimental data on gamma rays are in agreement with the atmospheric origin of
their production. It can be seen that gamma rays from different passive balloon-borne experiments are
consistent with the hypothesis of increase in relative abundance of heavy primaries near the knee region
of the cosmic ray spectrum. Nevertheless, quantitative analysis does not show statistically significant
evidence in favor of one specific composition model. More statistics are necessary for a conclusive
judgment.

Introduction

We search for a consistent view of the balloon ex-
periments with traditional passive calorimeter-type
emulsion conducted at various atmospheric depths
in the stratosphere.

Experimental data on gamma rays

In this paper we analyze data only from passive
balloon-borne experiments (JACEE [15, 16], San-
riku 1987 [7], RUNJOB 1995-1996 [5, 1, 13, 2])
which explicitly reported observation of gamma
rays and primary particle tracks1. It was reported
[2, 7] that all the relevant experiments used the
same transition curves for the determination of the
cascade shower energy. On the basis of ”approx-
imate calculations for the preliminary analysis”,
the JACEE experiment reported observation of 99
gamma rays (see Figure 1) in the energy region 3-
30 TeV during the 1987 and 1988 long-duration
flights from Australia to South America for 120-
150 hours (JACEE-7 and JACEE-8) at the atmo-
spheric depth5 − 5.5 g/cm2. The Sanriku 1987
experiment (at32.8 g/cm2, for ∼ 30hrs) reported
that there were 106 showers identified as being of
atmospheric gamma ray (see Figure 2) origin (the

energy region 2-80 TeV). JACEE and Sanriku 1987
showed consistency in their results (at 2 TeV and
1-10 TeV, respectively) in comparison with the in-
dependent experiments [11, 12].

Gamma rays in the RUNJOB experiment

Starting from the first flights in 1995 [6], RUNJOB
reported the best statistics on gamma rays com-
pared to the other two experiments [5, 1, 13, 4].
The identification of gamma rays in the RUNJOB
experiment was made by observing ”the feature
of the cascade shower” [5]. Tracing results ob-
tained in RUNJOB 1995 and RUNJOB 1996 are
presented in Table 1 . One chamber consists of 2
blocks. The number of detected showers in RUN-
JOB 1996 is about four times that in RUNJOB
1995. This is explained by the differences in the
detection conditions of X-ray films[2]. It can be
seen that the fraction of gamma showers to total
number of showers in RUNJOB 1995 and RUN-
JOB 1996 is∼ 40− 50%. The fraction of showers
identified as protons was about20 − 30%, based
on the same routine identification procedure. It

1. Other balloon-borne experiments with emulsion
chambers reported observation of gamma rays as well
[11, 12, 7, 17]
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was noted that gamma rays could be contaminated
by nucleons. The ”ratio of doubtful identifica-
tion” was estimated as ”not more than7% [1], or
10% [4].Due to the ”change in methodical proce-
dure” [5] in one of the blocks (4b) of RUNJOB
1996, gamma rays were removed from the sample
of the analysis [2]. Thus, RUNJOB 1996-4b had
smaller statistics,∼ 30% lower, compared to oth-
ers. The gamma ray flux is consistent between dif-
ferent blocks of RUNJOB 1996. RUNJOB 1996-
3a agrees with RUNJOB 1995. Thus, RUNJOB
1995 and RUNJOB 1996 are consistent. The orig-
inal gamma ray differential energy spectrum [5]
was not corrected for the solid angle and the de-
tection efficiencyη. Since the effective solid an-
gle at the top of the atmosphere can be expressed
asΩ =

∫ ∫
Ω<2π

cosθdΩ = π, then the distribu-
tion for the atmospheric gamma rays should be
Fγ(cosθ)dcosθ ∼ dcosθ because the gamma rays
are produced in the overlying residual atmosphere,
and thus have asecθ enhancement relative to the
isotropic case. In the ideal caseη = 1 , the maxi-
mum solid angle is2× π. Using these corrections,
we can consider the RUNJOB 1995 and RUNJOB
1996-3a gamma ray spectra presented in Figure 3
as the lower bounds.

Comparison of data

The gamma ray production from nuclear interac-
tions is within the validity of standard hadron the-
ory, at least up to the interaction energy as high
as ∼ 1015 eV [10]. The expected gamma ray
spectrum at the depth t (g/cm2) in the atmosphere
can be estimated analytically from the primary par-
ticles with assumed energy spectra and composi-
tion (the model HJ and the model PR[9, 8]). The
gamma ray spectrum at a given atmospheric depth
can be obtained after summation over the contribu-
tion from every component of the primary cosmic
rays and from the secondary nucleons of specta-
tors. Within the relevant atmospheric depths, the
atmospheric cascade process gives only small cor-
rections. The flux of the galactic gamma rays is
considered to be not significant here[11, 8]. Com-
parison of the experimental data with the models is
presented in Figs. 1, 2, and 3. Figure 4 presents
an altitude variation of the observed number of
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Figure 1: Differential energy spectrum of show-
ers at the altitude∼ 5 g/cm2. Lines show the re-
sults of calculations for the expected proton flux
(a), nucleon flux (in the PR model (b), and in the
HJ model (c)), and gamma ray flux (from protons
(d), in the PR model (e), and in the HJ model (f))
at the top of the chamber. The JACEE flux (cir-
cles) was measured at5.5 g/cm2 [15]. The x-axis
shows shower energy (Eγ) of gamma rays and nu-
cleons detected in the emulsion chamber. Stars -
flux observed at4g/cm2 [18].

gamma rays and expected number of nucleons at
the top of the chamber using two models.

Conclusion

We can notice that a series of repeated measure-
ments reveals an evident pattern, the increase of
the observed gamma rays with depth of observa-
tion, in agreement with the atmospheric origin of
their production, abundance of gamma rays among
all observed detected particles, increase of the ra-
tio of gamma rays to nucleons with energy, partic-
ularly above∼ 10 TeV. We notice that observed
experimental signals in the energy region above 10
TeV can be an indication of an increase of heavy
primaries2.

2. The peaks [14, 3] observed by RUNJOB, and San-
riku in the energy region (< 10 TeV) are compati-
ble with the effect of the energy threshold [8]. The as-
trophysical nature of the peak at3.5 TeV observed by
JACEE can be verified only by future experiments.
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Table 1: Statistics on observed showers from the RUNJOB 1995and RUNJOB 1996 campaigns [5, 1, 13, 2].
”Others” stands for not-identified, ”wall” showers (with the vertex point most likely out of the chamber),
adjacent (block-to-block) showers, etc. One chamber consists of 2 blocks.

Primary 1995 1996 − 3a 1996 − 3b 1996 − 4a 1996 − 4b 1996
4 blocks 1 block 1 block 1 block 1 block 4 blocks

Proton 117 100 NA NA NA 339
He-Fe 53 46 NA NA NA 152
Others 37 12 53 42 76 183

gamma rays 174 226 201 186 78 691
Ntot 381 384 420 404 289 1497
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Figure 2: Differential energy spectrum of showers
measured at the altitude∼ 30 g/cm2. Marks are
same as in Figs. 1. Solid circles: the Sanriku data
obtained at the effective altitude32.8g/cm2 [7]

Acknowledgements

The present analysis was done during work at
Waseda University with Prof. Y.Fujimoto. Thank
you to the staff of the National Diet Library (Koku-
ritsu Kokkai Toshokan). Members of RUNJOB are
appreciated for the realization of experiment.

References

[1] Apanasenko, A.V. et al. (RUNJOB collab-
oration). First results obtained by RUN-
JOB campaign (in Japanese).Preprint ISAS,
37:113, 1998.

[2] Apanasenko, A.V. et al. (RUNJOB collabora-
tion). Composition and energy spectra of cos-

1 10 100 1000

1

10

100

1000

d)

e)

f)

a)

b)

c)

gamma rays

nucleons

 

 

 

E
2

.5
  d

N
/d

E
  (

m
  

-
2
 s

e
c 

 
-
1
 G

e
V

  
 
1

.5
  s

r
 
 
-
1

)

Shower energy  (TeV)

Figure 3: Differential energy spectrum of show-
ers measured at the altitude∼ 10 g/cm2. Marks
are same as in Figs.1 and 2. Solid circles: the
RUNJOB 1995 data at the effective altitude10 −

12g/cm2 [5]. Triangles: the RUNJOB 1996 data
(1 block RUNJOB1996 − 3a)[5]. Our analysis
based on the RUNJOB data[5] shows that the flux
of RUNJOB 1996 (4 blocks) is in agreement with
the flux of RUNJOB 1996-3a (1 block) and with
RUNJOB 1995 (4 blocks). It can be seen there
is no significant change in the gamma ray flux in
different RUNJOB observations. There are some
peculiarities with the RUNJOB reports on gamma
rays. Open rhombuses show the RUNJOB 1996
data [13]. The total number of gamma rays in
RUNJOB 1996 was reported as∼ 500 [13]. Stars
show the RUNJOB 1996-1997-1999 (13 blocks)
data. The total number of gamma rays there -
∼ 900 showers, and above 3 TeV -400. [4].

IC
R

C
 2007 P

roceedings - P
re-C

onference E
dition



PRIMARY COSMIC RAY MASS COMPOSITION SEEN THROUGH GAMMA RAYS

0 10 20 30 40 50

0.0

0.1

0.2

0.3

0.4

 

 

R
a

ti
o

 o
f 

g
a

m
m

a
 r

a
ys

 t
o

 n
u

cl
e

o
n

s 

Atmospheric depth  (g/cm
 2

)

Figure 4: Observation of the ratio of gamma rays
to nucleons at the top of the chamber at differ-
ent altitudes. The dashed line (1 TeV), dotted line
(10 TeV), and dashed-dotted line (100 TeV) are for
the HJ model. Solid lines with triangles (1 TeV),
squares (10 TeV), and circles (100 TeV) are for the
PR model. Experimental points (see Figs. 1, 2. and
3) show estimations of the ratio of gamma rays to
nucleons at 10 TeV.
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